The aim of this study was to examine the role of low-intensity pulsed ultrasound (LIPUS) 33 exposure in the onset and early progression of temporomandibular joint (TMJ) osteoarthritis
Introduction 58
Synovial joints play a key role in relatively large bone movements induced by surrounding 59 muscle forces [1] . The bone ends come together within a fibrous joint capsule. The synovium, a 60 metabolically active tissue, covers the inner lining of this joint capsule. The bone ends are 61 covered with a thin layer of dense connective tissue known as the articular cartilage [2] .
62
Ligaments, tendons, and other soft tissues around the joint cavity provide stability to the joint and 63 maintain appropriate alignment of the articulating bone ends during motion [2] . Daily activity 64 accompanies joint motion, resulting in joint loads. The temporomandibular joint (TMJ), a 65 diarthrodial synovial joint, enables large relative movements between the temporal bone and the 66 mandibular condyle [3, 4] . The integrity of the joint is maintained intrinsically by a fibrous capsule 67 with ligamentous thickenings and extrinsically by accessory ligaments, both of which restrict 68 movement at the extremes of the mandibular range of motion and, consequently, have limited 69 influence on the mechanics of normal symmetrical function [5, 6] . Within the joint, the articular 70 surfaces of the condyle and articular eminence are covered by a thin fibrocartilaginous layer with 71 a very low coefficient of friction [5] .
73
The most common pathology affecting TMJ is degenerative joint disease, also known as 74 osteoarthritis (OA). The hallmarks of OA include collapse of the articular cartilage, osteophyte 75 formation, and subsequent joint space narrowing [7] . TMJ-OA is characterized by degradation of 76 the mandibular condylar cartilage due to mechanical overloading [8] [9] [10] . Mechanical overloading 77 of the mandibular condylar cartilage increases the expression of interleukin-1β (IL-1β) [11] , an 78 inflammatory cytokine closely associated with the progression of TMJ-OA [10, 12] . IL-1β markedly 79 stimulated osteoclastic bone resorption by enhanced both osteoclast formation and function [13] .
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Because the fibrocartilage covering both the TMJ condyles and glenoid fossa is avascular, its In the OL+LIPUS group, LIPUS was applied with a modified version of the clinical device,
123
Osteotron V (ITO Co., Tokyo, Japan) after mechanical overloading. The ultrasound exposure 124 system was equipped with a circular surface transducer with a cross-sectional area of 5.0 cm 2 .
125
The ultrasound head exhibited a mean beam nonuniformity value of 3.6 and an effective radiating 126 area of 4.1 cm 2 . An ultrasound signal was transmitted at a frequency of 1.5 MHz, with a spatial 127 average intensity of 30 mW/cm 2 and a pulse rate of 1:4 (2 ms on and 8 ms off). Both TMJs were 128 exposed to LIPUS for 20 min/day during the 5-day experimental period.
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Microcomputed Tomography (Micro-CT) 131 After the experiments, the rats were sacrificed with an overdose of anesthesia. The animals in 132 the control group were sacrificed after 5 days. The mandibles were resected, and the condyles 133 were carefully separated from the surrounding soft tissues and fixed in 70% ethanol overnight.
134
The bones were then analyzed using high-resolution micro-CT (SkyScan 1176 scanner, Buruker,
135
Billeriea, MA) and its analysis software. Briefly, images were acquired at 50 kV and 500 μA.
136
During scanning, the samples were tightly covered with plastic wrap to prevent movement and 137 dehydration. Thresholding was applied to the images to segment the bone from the background.
138
The resolution of the micro-CT images was 9 μm/pixel. The ratio of the bone volume (BV) to the 139 trabecular volume (TV), trabecular thickness (Tb.Th), and trabecular number (Tb.N) were 6 140 calculated.
142

Tissue Preparation and Histological Analysis 143
After the animals were sacrificed, both TMJs were resected, fixed in 10% buffered 144 paraformaldehyde, and decalcified with 10% EDTA at 4°C for 8 weeks. Thereafter, they were 145 embedded in paraffin, and serial sections (7 μm) were cut in the sagittal plane. The sections were 146 stained with hematoxylin and eosin (HE) for histological examination and stained with 0.1%
147
Safranin-O and 0.02% fast green for the detection of cartilage and proteins, respectively. In 148 addition, toluidine blue staining was used to detect proteoglycans in the condylar cartilage.
149
A modified Mankin scoring system [23] was used to assess the degree of cartilage degeneration.
150
The were higher in the control group than in the OL+LIPUS group, the differences were not significant. 
220
Safranin-O-stained sections showed that proteoglycans were abundant in the deep layer of the 221 mandibular condylar cartilages from the control group ( Fig 3A) . However, the amount of 222 proteoglycans was significantly decreased in the samples from the OL group. The modified
223
Mankin scores confirmed that overloading caused significant (P < 0.01) changes in structural 224 characteristics that paralleled the progression of OA ( Fig 3C) . LIPUS exposure after overloading 225 significantly (P < 0.01) lowered the modified Mankin score relative to that for the OL group,
226
although the scores were still significantly lower in the control group than in the OL+LIPUS group 227 (P < 0.01). Attenuated toluidine blue staining was observed in the condylar cartilages from the OL 228 group; this reduction in staining was restricted after LIPUS exposure ( Fig 3B) . The significantly 229 reduced amount of proteoglycans in the condylar cartilage (P < 0.05) after overloading was 230 restored to the level observed for the control group after LIPUS exposure ( Fig 3D) . 
Number of TRAP-positive osteoclasts 243
In the control group, the number of TRAP-positive osteoclasts in the mineralized layer of the 11 244 condylar cartilage was 5.6 ± 0.9 (Fig 4A, B) . This number was 13.2 ± 3.0 after mechanical 245 overloading and 10.0 ± 1.6 after LIPUS exposure. Thus, the number of TRAP-positive osteoclasts 246 was significantly smaller in the control group than in the OL (P < 0.01) and OL+LIPUS (P < 0.05) 247 groups. 
262
The number of Col2a1-and aggrecan-positive cells was significantly larger in the control group 263 than in the OL (P < 0.01) and OL+LIPUS (P < 0.05) groups (Fig 5A, B) . The OL group showed 264 significantly more MMP9-and MMP13-positive cells than did the control (P < 0.01) and
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OL+LIPUS groups (P < 0.05). overloading. However, the levels were still significantly lower than those in the control group.
341
Micro-CT showed that BV/TV and Tb.Th were significantly greater for mandibular condyles 342 treated with LIPUS after mechanical overloading than for overloaded condyles without LIPUS 343 treatment; moreover, these parameters were almost the same as those for untreated condyles.
344
Furthermore, the modified Mankin score for the mandibular condyles from the OL+LIPUS group was significantly lower than that for the condyles from the OL group, although the score for the 346 condyles from the OL+LIPUS group was significantly higher than that for the condyles from the 
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